Abstract: Following the collapse of Chile's energy mix in 2000, standalone bioenergy generation plants were installed in Lautaro, Region of La Araucanía, in 2011, purchasing biomass from the forest and agricultural industries. This article resorts to a historical method, using government sources-particularly projects submitted to the State's environmental approval process; news reports; corporate information and documents; interviews with employees, entrepreneurs and experts; field visits; and general literature. This article focuses on the success case of a bioenergy generation company and its relationship with wood and agricultural biomass suppliers in a region where traditional farming and forest plantations are under crisis. Currently, two additional bioenergy projects are underway in the Region. Beyond the economic crisis that is currently affecting this Region, local communities have increasingly been opposing the new plants and the price of electric energy has dropped, leading to an uncertain future for bioenergy in the south of Chile.
Introduction
To reduce energy dependence on hydrocarbons and the resulting pollution, there was world consensus on the need to increase renewable energies in the short term. In 2009, Europe made a pledge to reach, by 2020, 20% of renewables in the total energy produced, and 10% in transport. Similarly, in the United States, almost 30% of the use covered by oil is expected to come from biomass energy by 2030 [1] .
Among the new sources of energy, bioenergy emerged as an excellent response to the energy issue, given the abundance of biomass in the form of farm and wood waste, asl well as crops suitable for that purpose.
The great bioenergy potential has become apparent [2] . Forest plantations have increased considerably around the world-at least by 52% between 1990 and 2010-reaching 264 million ha. Among the fastest growing areas are New Zealand, Chile and Australia. Likewise, there are large biomass volumes coming from farming and agribusiness waste. Only in Europa, fruit and vegetable production generates 192 million tons annually [3] . Therefore, estimated future availability is expected to reach a yearly 71 million tons of biomass for bioenergy in California by 2050 [4] .
Figures look promising around the world. At present, roughly 40% of biomass potential is used [5] . China has become a world leader in the promotion of biomass electricity generation. It has 460 million tons of carbon equivalent biomass per year, but uses less than 5% [6] . At the same time, Turkey produces 30 million tons of agroforestry and agro-industrial waste every year. Malaysia's figure is even larger: 168 million tons of agroforestry biomass, and additionally projects to use 20 million tons of palm oil for biomass by 2020 [7] . Pakistan, a large agricultural producer, has abundant biomass in the Region-the existence of which is more or less supporting the expansion/maintenance of areas with grain crops, to the detriment of other crops grown by Mapuche and farming communities.
The history of biomass plants in La Araucanía is quite brief. Their existence, from the initial proposal itself, has not always raised concerns among Mapuche and local farming communities, in spite of the reasons mentioned above. However, economic complements with farmers and Mapuche communities-like the one established with forestry activities and commercial agriculture-is highly impracticable. Impracticality and conflict are only a small step away.
As evidence from recent years has made clear, bioenergy is not always sustainable in terms of the environmental, economic and social aspects involved in its generation. It is only potentially sustainable. But effective sustainability requires operational efficiency, environmental impact abatement, economic feasibility and social acceptance.
In environmental terms, a poor bioenergy production system can be as damaging as an oil-based system [15] . In economic terms, a certain land ownership concentration is required. In Croatia, for example, with 52% of farmlands and between 733,780 and 3 million tons of farm waste for biomass-depending on the calculation method-the potential to develop bioenergy is minimal as 60% of farmers own less than 3 ha. In addition, there is little mechanization to collect biomass [16] . In terms of the social aspects, a no less important factor is the aversion of farmers themselves to replace or modify their ways by introducing crops or plantations for energy purposes-even if this involves higher economic benefits-as they prefer to keep their traditions and lifestyles [17] .
Given all these aspects, it has even been suggested that the sustainability of bioenergy is low and that its contribution to global energy generation will never be to large [18] . In addition, the hopes placed on bioenergy as an alternative energy source have somewhat become thwarted. When calculating biomass potential for energy purposes, forms of use and effective energy generation, the obstacles involved in its development have emerged strongly.
One of these obstacles is the fact that the use of farm biomass is limited by its other uses, such as soil fertilizer and fodder. A maximum of 30% of farm waste can be used for the production of bioenergy. On the other hand, there is the competition of energy crops with food staples for land use. In response to this, progress has been made in the use of marginal lands for energy crops [19] . Only in China, there is an estimated 152 million ha of marginal lands.
Still another issue is the supply logistics of farm waste. Up to 90% of the cost of collecting biomass is logistics, with the rest being the cost of the harvest [20] . Due to this, the maximum space surrounding the bioenergy plant to source biomass is small. The adequate range considering European and Brazilian experiences is between 35 to 50 km [21] . Often, the concentration of biomass in a certain space is insufficient, raising transportation costs that involve an expanded area. This results in biomass plants being small and only covering local needs. A plant of a considerable size that can source farm and wood biomass from a broad area is simply not feasible.
There are successful biomass production cases but generation levels are low and benefits only accrue on a local scale [22] . Some of these cases are the agro-energy districts in certain areas of Greece and Italy, where major progress has been achieved by means of public-private partnerships [23] [24] [25] [26] . Interestingly enough, these partnerships have been established under the recent economic crisis. Overall, bioenergy production requires land-based organization, considering several state, city and rural stakeholders.
The Chilean experience described in this article includes several organization approaches to bioenergy production. While there are no public-private partnerships for generation nor a macro-ecological and land-based planning of energy projects, the active participation of the state in the promotion and development of bioenergy projects cannot be ignored, even if their design and generation are solely private. On the other hand, the specific restrictions involved in bioenergy generation are also apparent in Chile.
This article intends to make a contribution to the understanding of bioenergy generation based on farm and wood waste, taking into account the specific historical constraints of this activity in Chile.
The article further confirms most of the insights found in literature regarding the requirements that the activity must meet to be sustainable. In addition, it intends to complement such studies by suggesting that, along with the economic, technical, environmental and social aspects, historical constraints are also decisive in bioenergy development potential. In a unique region such as La Araucanía, with a broad productive, social and political crisis during the past decade; a long track-record of economic and social conflicts; grain farming under crisis due to commodity prices; and a forest activity called into question due to environmental impacts, the sustainability of bioenergy projects is increasingly limited.
Materials and Methods
This article is a historical study of bioenergy generation in La Araucanía, south of Chile, particularly focusing on the experience of Comasa, a company located in Lautaro. This company was the first to produce bioenergy in Chile with third-party supplied wood and agricultural biomass. Likewise, two new projects to produce bioenergy in the Region will be discussed. The study mainly relies on the projects submitted to the Environmental Assessment System by the companies; government censuses and statistics; information published by companies and state agencies; publications in regional media outlets; interviews with employees, entrepreneurs and experts linked to Comasa; field observations; and literature in general about the Region and the topics addressed.
Following a historical method, an explanation is sought about the emergence of bioenergy generation in the south of Chile using wood and agricultural biomass, asl well as establishing the relevance of the regional economy in the development of this new activity. First, the growth of renewable energy generation in Chile during the past few decades is shown, including the excellent business opportunities opening up for bioenergy production. Subsequently, the fundamental elements of the regional agroforestry economy are discussed, the activities of which produce abundant wood and agricultural biomass available for bioenergy generation.
Mainly, attention is drawn to the new relationships established between Comasa-the bioenergy generating company-and wood and agricultural waste suppliers. To understand this relationship, its brief history is summarized in terms of its organizational and planning aspects, which have involved major logistic and economic achievements. All of this is completed basically using testimonies by stakeholders directly involved in the consolidation of such a relationship (namely, the company, the government, trade organizations and suppliers) and information published by the company itself and in regional media outlets.
Concerning the historical methodology, the research underpinning this article considered all sorts of information sources to get a better understanding of the issue at stake. Given that the epoch under study is recent, sources are scarce but nonetheless sufficient to reach findings. Particularly important are the interviews made with relevant stakeholders in the history of bioenergy projects: the manager of the Comasa plant; the leader of the program who organized the farm suppliers; and the main entrepreneur in charge of procuring and hauling farm residues to the plant. All of them were submitted to a semi-structured interview in order to find out about the technical, economic, social and political aspects linked to the development of the experience studied in this article. Similarly, several field visits were conducted to the area of the Lautaro plant and to the supplying farm and forest areas around it. Figures and notes were taken, and there was a detailed reconnaissance of the space where the bioenergy project was being carried out, including type of properties, road conditions, location of plantations and forest industries, among other aspects.
Starting from 17 NCREs plants established between 2006 and 2010, 146 new plants were built between years 2014-2017, reaching a total of 253. Of these, 115 were small hydro plants, 71 solar plants, 30 wind farms and one geothermal plant. One of the most interesting phenomena occurred together with the irruption of NCREs in the past few years is the reduction in energy costs, which have dropped significantly from a maximum of US$129 in 2012-2013 to US$32.5 per MWh by the end of 2017. This poses new challenges for the electric power industry in general and for the production of bioenergy in particular, which has seen the plunge of electricity prices during the 2014-2017 period, the same term of the NCRE plant boom [27] .
In Chile, bioenergy basically means biomass. Given limited areas of arable land, biofuel and biogas generation projects failed to succeed-with only one running on urban organic waste-and generation only involves electric power and steam from biomass. In early 2015, there were 19 biomass plants in Chile, with an installed capacity of more than 900 MW, of which about 470 MW were introduced to the Central Interconnected System (CIS) [28] [29] [30] [31] . This amount corresponds to 10.2% of the total CIS generation.
Biomass plants are located mainly in Chile's central and southern areas. They belong to large forest companies that produce energy taking advantage of their own waste, in what are called cogeneration plants. The oldest one in the industry is Arauco Bioenergía-a subsidiary of Arauco S.A.-which started operating at the beginning of 1988. It has eight plants that mostly feed its own industrial processes. By the end of 2015, it reached an installed capacity of 606 MW, contributing with 209 MW of surplus energy to the CIS [32] . Another important company in the industry is Bioenergías Forestales, a subsidiary of paper and cardboard manufacturer Compañía Manufacturera de Papeles y Cartones. It has four plants with a 390 MW capacity [33] .
The exception is Energía Verde S.A, owned by the power firm AES Gener, which started producing electric power for forest companies in Constitución and Laja in 1995, using their own waste [34] . All of these plants were located in the country's central and south region and they were mostly small plants, with four medium-sized ones. Almost all were cogeneration plants closely linked to forest activities and owned by forestry-related companies (i.e., manufacturers of paper, cardboard, pulp mills). Besides AES Gener-already mentioned as an exception and which offers cogeneration services to forest companies-Comasa is a very different case within this group of firms. It is the first bioenergy company to produce electric energy in a strictly standalone fashion, purchasing both wood and agricultural biomass from third-parties.
On the other hand, the areas where bioenergy was mainly being produced using biomass were the Regions of Maule, Bío-Bío and Los Ríos. The Region of La Araucanía, which began production in 2011, was at such point a broad and largely untapped territory in terms of bioenergy.
The delay in introducing bioenergy production in La Araucanía can be explained by historical and productive conditions specific to this Region. While forestry gained a leading position in the Maule, Bío-Bío and Los Rios economies during the previous decades-with an increase in pine and eucalyptus plantations and the setting up of timber, pulp and paper mills-and progressed considerably also in La Araucanía, traditional grain farming and livestock operations have strongly prevailed in the latter Region. [35, 36] .
During the 20th century, La Araucanía -particularly the northern Malleco Province-used to be known as Chile's breadbasket. This Region traditionally produced the wheat consumed in the country, asl well as most of its oats. Similarly, the area has also been a major producer of barley, peas, potatoes and beans, among others, added to a strong cattle-raising activity, including both bovine and ovine. Finally, native forest logging operations are also relevant, particularly in the pre-mountain area of the Province of Cautin. This was evidenced by a large number of sawmills and timber production plants spread throughout the area.
On the other hand, La Araucanía is the land of Mapuche indigenous communities. After the population who settled in Santiago, the largest share of Mapuche indigenous peoples has for long inhabited this Region. By 1929, there were 2452 Mapuche communities, with 423,000 ha allocated by the State in the former decades [37] . With the pass of time, the populations of the original communities-close to 75,000 people-increased considerably and spread through the country. Today, most of these communities live and occupy the Region. As of 2013, an estimated 32% of the Region's population was of Mapuche descent, i.e., 309,952 people [38] . Similarly, there is a considerable amount of medium and small landholdings resulting in a large number of small farmers, most of them descending from Chilean and foreign settlers who came to the area as of the end of the 19th century.
According to the agriculture, livestock and forestry census of 2007, in Chile there were 479,404 ha of grain crops [39] . La Araucanía was the region with the largest planted surface area, 169,610 ha. In spite of a considerable reduction in surface areas with wheat crops, the Region continued to be "Chile's breadbasket". Also outstanding was an increase in oat crops [40] and major surface areas allocated to fodder crops (90,047 ha), legumes and tubercles (15,373 ha) and fruit trees (12,618 ha). In addition, there were 668,140 head of cattle, the second largest in terms of cattle head after Los Lagos. The number of sheep amounted to 277,884. Most of the livestock in the Region was located in the southern end, in the Province of Cautín. The Region boasted the fastest growth in terms of forest plantations, increasing from 141,522 to 588,250 ha between 1976 and 2007. It ranks second at the national level after the Region of Bío-Bío. Additionally, by 2008 there were 937,312 ha of native forests [41] .
In La Araucanía, crops cover the Region's center and southeast areas, prairies the central and south areas, and the north, northwest and pre-cordillera areas are planted with exotic and native forests. Thus, the Region's economy is characterized by forestry, agriculture and livestock. Concerning crops, in the past decades there has been a considerable reduction in legumes (particularly beans and lentils), but potatoes have increased their yield significantly. Although with a reduced surface area, grains are still decisive in the Region's economy-with large-and mid-sized landholdings. Surface area reductions have been offset with an increase in the yields of wheat, oats, barley, rye and maize. Likewise, industrial crops (rapeseed, lupine and beet) have maintained a similar surface area but boosted their yields, increasing their output many times.
Livestock has kept its traditional relevance, particularly beef. The opposite is true for milk production, which has been decreasing in the past few years. Beef production is the industry most hardly hit by the increase in meat and dairy imports.
Within the Region, the Province of Malleco (the Region's northern area) faces the greatest difficulties due to declines in traditional agriculture and fast-growing forest plantations. On the other hand, diverse agricultural activities and livestock farming are carried out in the Province of Cautín, although forest areas have also increased. In addition, in the entire Region-but particularly in Cautín-fruit crops have been developing, including apples, berries, European hazelnuts and vineyards, among others.
In the past few decades, the decline in traditional agriculture and the expansion of forest plantations has mainly impacted the large number of rural and indigenous inhabitants in the Region. An example of this is that the majority of the Region's population lives under poverty conditions. In 2013, the average national poverty rate stood at 14.4%, while in La Araucanía it was 27.9%, the highest in the country. In terms of multidimensional poverty (which includes indicators on education, health, employment, social security and housing), the national average was 20.4%, reaching 28.5% in La Araucanía. If only the Region's rural population is considered, the figure exceeds 40% [42] .
The already high rural income poverty levels in La Araucanía were even higher in some municipalities. In 2013, the largest income poverty was found in rural communities: 50.7% in Nueva Imperial; 50.4% in Perquenco; 48.6% in Lumaco; 47.6% in Teodoro Schmidt, 33.4% in Lautaro, 33.1% in Vilcún and 30% in Traiguén. The municipalities with the lowest poverty levels were those with mostly urban residents, namely: Villarrica, Temuco, Angol and Victoria [43] . Additionally, the poorest municipalities are often those with a majority of Mapuche inhabitants.
Consequently, La Araucanía is undergoing widespread political, economic, social and environmental conflicts involving indigenous Mapuche communities-who claim the lands taken by the State-individuals and, recently, forest companies. [44] . Similarly, they oppose to productive activities and economic projects that impact the resources and the lands they inhabit, asl is the case of forest plantations, power plants-either hydro or thermal-and pulp mills, among others [45] . Specifically, the issue implicates the State, which has been unable to address the situation in all its complexities.
In this Region-strained by an agro-forestry productive model under crisis and with farming and Mapuche communities negatively impacted by the neo-liberal developments of the past few decades-bioenergy generation does not come as a neutral matter but is tainted by all the aspects mentioned above. From a corporate and economic standpoint, the Region of La Araucanía offers an excellent opportunity to produce energy based on wood and agricultural biomass.
While bioenergy production with biomass developed strongly in the Bío-Bío and Los Ríos regions since 1996, after the setting up of cogeneration plants adjacent to pulp mills, these types of projects were missing in most of La Araucanía until 2010. In addition to the growth of the forest industry, which produced large amounts of residues from sawmills and logging, significant harvests in the Region left a huge amount of agricultural waste. Perhaps no other region was as suitable for bioenergy generation as La Araucanía.
Overall, in Chile's center and south region there is a major surplus of wood and agricultural waste every year, most of which remained untapped until the setting up of biomass plants [46] [47] [48] . For the 2003-2004 season, agricultural residues generated were estimated at 72,325,704 ton. La Araucanía was the second region in terms of waste volume, after Bío-Bío, with 1,529,900 ton, resulting from wheat, oats and potatoes. This amount includes 622,000 ton per year of wheat straw [49] .
On the other hand, for 2005 it was estimated that the entire country generated 3,253,724 ton of forest waste, of which 56.2% were sawdust, 15.1% bark and 12.2% slab wood, among the main ones. Out of the national total, the Region of La Araucanía produced 371,045 ton.
The most abundant source of biomass in the Region comes from agricultural residues, exceeding four times the waste coming from the forest industry. In addition, in 2013, the potential surface area in Chile's central and south region to establish plantations-particularly eucalyptus-for biomass production was estimated in 383,755 ha. The potential surface area in the La Araucanía Region alone was 68,772 ha [50] . All of this points to the fact that bioenergy from biomass in the La Araucanía had actual grounds for greater development. A further consideration is the significant demand for electric power from the Region's companies and large urban hubs. As of 2017, the Region's population amounted to 957,224; Temuco, the capital city, had 282,415 inhabitants. The rural population amounts to 29.1%, and 34% considers itself as Mapuche [51] .
Undoubtedly, both the existence of forest and agricultural waste plus significant demand are only the basic elements of any project's feasibility. Besides that, ensuring a constant and adequate supply of biomass-in terms of volume and quality-is decisive. All of this is expected to be achieved at low costs, meaning that the biomass has to be produced in a close range to the bioenergy plant. Thus, forest and agricultural residues as feedstock become critical in ensuring the feasibility of any bioenergy project. And while biomass procurement logistics are easily managed in the case of the forest industry, this is not the case in standalone generation projects.
Results

The Comasa Experience
As mentioned above, out of a total 19 biomass plants existing in 2015, the exception is Comasa-a subsidiary of Forestal y Papelera Concepción (FPC). This company has two bioenergy plants, both of which are nearby Lautaro. One of them uses wood and agricultural biomass and the other, exclusively agricultural biomass. It is the first standalone, non-cogeneration energy production experience in Chile that purchases third-party wood and agricultural inputs and supplies its entire energy production to the CIS [52] .
The experience of the company that owns Comasa began in 2005, after the boost in electric power prices due to the reduction in Argentinean gas supply mentioned above [53, 54] . In 2006, FPC setup a cogeneration plant using its own wood biomass and biomass purchased from sawmills and local forest companies, which it ended up selling. Finally, through Comasa, a former biomass supplier, it launched the project in Lautaro [55, 56] . The first studies for this project began in March 2008.
Prior to the construction of the Lautaro plant, Comasa S.A submitted the project to an environmental assessment on 6 November 2009, under the name "Lautaro Renewable Energy Generation Project" [57] . The project's title-which stresses its renewable nature-is of relevance, asl it anticipated government approval in view of the scenario described above.
The project claimed that the proposal followed the Clean Development Mechanism defined under the Kyoto Protocol, which involved the promotion of emission reduction projects in developing countries. In this case, this goal was achieved by the use of biomass as a renewable resource. The plant was expected to reduce greenhouse gases by 78,000 ton of carbon dioxide (CO 2 ). In addition, it was also proposed as following a national Act of 2008 which addressed the country's need to increase energy production based on renewable sources. The project included the installation of a boiler expected to use untreated wood agricultural biomass (sawdust, shavings, bark, wheat straw and oats hull). One hundred percent of the biomass would be purchased from third-parties and transferred to the plant by truck. As estimated, 321,872 annual ton of wood biomass would be used, coming from sawmills and forest activities, and 25,727 annual ton of agricultural biomass, namely: wheat straw and oats hulls. This was expected to generate 25 MW, of which 23 MW would be introduced to the CIS.
There were major reasons to locate the plant in Lautaro. On the one hand, the site was at the center of an extended forest and agricultural area, facilitating the procurement of the required biomass. In addition, it was no more than 100 km away from the biomass plants located both to the north and south. Finally, since there was an electric substation in the vicinity, investments required to supply the energy produced to the CIS were expected to be limited.
As the area is inhabited by indigenous communities, asl indicated above, the project highlighted that it was not adjacent to indigenous lands; the closest community to the north was located 4 km away, while to the south, the closest one was 8 km away. On 11 March 2010, the Environmental Committee of the La Araucanía Region approved the project, ratifying that it met all environmental regulations.
The Comasa plant began to operate in August 2011. To the wood and agricultural biomass, 30,000 cubic meters of firewood were added in 2012, which required the installation of dryers. Apparently, this was done with a very specific aim. In June 2012, the company made efforts to be recognized as a cogeneration and not a generation plant. A cogeneration plant differs from a generation plant in that it produces thermal power for a productive process, with electricity being a surplus of the leftover energy used in the industrial activity itself. On the other hand, in generation plants (the case of Comasa), the steam generated from the burning of biomass becomes electricity to be supplied to third-parties.
The problem for Comasa was that, in 2011, the Chilean Ministry for the Environment approved new emission standards for thermoelectric power plants requiring the reduction of particulate matter and gases in plants of 50 or more thermal megawatts, with the exception of boilers that were part of cogeneration plants. In the case of Comasa, drying firewood with boiler steam would be part of a cogeneration process. Therefore, the request was denied.
In sum, bioenergy production was successful. Wood biomass was collected from large sawmills and timber industries in close range, and agricultural residues from a small group of businesses (30,000 bales of 500 kilos each). These bales-of considerable size and weight-needed to be baled with special machines (baling machine and tractor) purchased by the company in the US and Chile, and offered to its suppliers under credit conditions [58] .
The possibility of accessing a larger volume of agricultural residues-with more heating power than wood waste-as well as higher electric power prices, led Comasa to design a second plant to generate electricity based exclusively on agricultural biomass. The project was submitted to environmental assessment in October 2012, under the title "Grain Straw Energy Use in Renewable Energy Plant, Unit No.2" [59] . The proposal included the generation of 22 MW using agricultural biomass-of which 20 MW would be introduced into the CIS-under similar technical conditions as Plant No.1. This energy would be generated using 131,400 annual ton of grain straw. Eventually, 5% of wood biomass would be used.
These figures suggest that agricultural biomass is much more efficient than wood biomass, asl 2.6 times less ton of biomass generate a similar amount of electric power: 26 MW in Plant No. 1 with forest and agricultural biomass; and 22 MW in Plant No. 2, with agricultural biomass only. The project highlighted that the use of agricultural biomass would prevent the burning of residues in the fields which would otherwise result in annual emissions of 1,095 ton of particulate matter and 73,040 ton of CO 2 .
Unlike in the first project, it was indicated that in this project the nearest indigenous community was located 2.6 km to the north. Formerly, it had been stated that the community was located at a distance of 4 km.
During the environmental assessment process, 10 people expressed their concern before the Environmental Assessment Service in the La Araucanía Region, eight of them Mapuche. Their claims were related to the plant's noise, foul odors and smoke emissions; and to the increase in water use to run two plants.
The project further explained that the grain straw supply-a byproduct of grain harvests-would be obtained between January and May. Each supplier was to deliver the straw in bales with specific dimensions-2500 mm long, 900 mm high and 1200 mm wide-and transferred in trucks to the plant at their own expense. The bales are stockpiled during those months and for the whole year in a 6-ha plot. The project was finally approved in April 2013 and the second plant began its operations in April 2014. Thus, Comasa's two plants managed to produce 48 MW, which were mainly introduced into the CIS (Figure 1 ). Unlike in the first project, it was indicated that in this project the nearest indigenous community was located 2.6 km to the north. Formerly, it had been stated that the community was located at a distance of 4 km.
The project further explained that the grain straw supply-a byproduct of grain harvests-would be obtained between January and May. Each supplier was to deliver the straw in bales with specific dimensions-2,500 mm long, 900 mm high and 1200 mm wide-and transferred in trucks to the plant at their own expense. The bales are stockpiled during those months and for the whole year in a 6-ha plot. The project was finally approved in April 2013 and the second plant began its operations in April 2014. Thus, Comasa's two plants managed to produce 48 MW, which were mainly introduced into the CIS (Figure 1 ). The business was a promising one. Already in 2013, Comasa had sold all the power produced in Plant No. 1 to Colbún, one of the country's largest power generators which is forced to produce or purchase shares of NCREs under the 2008 Act [61] . From the beginning, Comasa has highlighted that it produces green, renewable and clean power in its Lautaro plants. Likewise, it stresses that its demand for biomass means a contribution to local economies as it uses residues from the forest industry and grain harvests, which would otherwise remain unused or be burnt on field polluting the environment.
By January 2015, the company had 12 large biomass suppliers, including sawmills, lumber companies, agricultural entrepreneurs and farm service providers. Some of the agricultural biomass suppliers obtained the biomass from their own harvests but most of them collected it from local farmers, baling and transporting the straw to the plant. The baling process required high-cost specialized machinery, reason for which Comasa assisted the suppliers with credits for their procurement.
The need to improve the logistic efficiency for the supply of wood and (particularly) agricultural biomass led to the development of a Supplier Development Program (SDP). This SDP The business was a promising one. Already in 2013, Comasa had sold all the power produced in Plant No. 1 to Colbún, one of the country's largest power generators which is forced to produce or purchase shares of NCREs under the 2008 Act [61] . From the beginning, Comasa has highlighted that it produces green, renewable and clean power in its Lautaro plants. Likewise, it stresses that its demand for biomass means a contribution to local economies as it uses residues from the forest industry and grain harvests, which would otherwise remain unused or be burnt on field polluting the environment.
The need to improve the logistic efficiency for the supply of wood and (particularly) agricultural biomass led to the development of a Supplier Development Program (SDP). This SDP was implemented by the Society of Agricultural Promotion (SOFO)-the main farmers' association in La Araucanía-with the support of the Chilean Economic Development Agency (CORFO), which has undertaken the promotion of new energy production [62, 63] .
The program started following a contact between SOFO and Comasa, in 2014. At such point, the company was facing issues related to the supply and management of agricultural biomass; bale quality; transportation costs and scheduling and delivery to the plant; and stockpiling of bales in the plant, among others. The main issue concerning forest suppliers was related to improving the handling of the byproduct before the delivery to Comasa in order to prevent moisture-related damages.
The SDP-implemented between 2015 and 2017-was designed to improve the efficient and constant supply of biomass. A Web platform was created to establish an adequate means of communication between Comasa and its suppliers. The platform improved the scheduling of bale delivery to the plant; collected information on the baling process; and detailed the payment terms. On the other hand, unloading and stacking of the bales was optimized; bale production began to be georeferenced on field; and bale collection was scheduled based on the local field burning schedule to prevent fire-related damages. Furthermore, the German company Verschoor-experts in straw baling-provided the suppliers with technical assistance on the baling process and baler maintenance in order to guarantee that bales met the required dimensions and quality standards. (Figure 2 ). Training for wood biomass suppliers was in charge of Teknip, a company devoted to the sale of forest industry technology. The program started following a contact between SOFO and Comasa, in 2014. At such point, the company was facing issues related to the supply and management of agricultural biomass; bale quality; transportation costs and scheduling and delivery to the plant; and stockpiling of bales in the plant, among others. The main issue concerning forest suppliers was related to improving the handling of the byproduct before the delivery to Comasa in order to prevent moisture-related damages.
The SDP-implemented between 2015 and 2017-was designed to improve the efficient and constant supply of biomass. A Web platform was created to establish an adequate means of communication between Comasa and its suppliers. The platform improved the scheduling of bale delivery to the plant; collected information on the baling process; and detailed the payment terms. On the other hand, unloading and stacking of the bales was optimized; bale production began to be georeferenced on field; and bale collection was scheduled based on the local field burning schedule to prevent fire-related damages. Furthermore, the German company Verschoor-experts in straw baling-provided the suppliers with technical assistance on the baling process and baler maintenance in order to guarantee that bales met the required dimensions and quality standards. (Figure 2 ). Training for wood biomass suppliers was in charge of Teknip, a company devoted to the sale of forest industry technology. Finally, the number of suppliers increased from 12 to 18, which also increased the total volume of wood and agricultural biomass delivered to Comasa. The need for a specialized baling machine-with a cost of US$120,000-and of at least one tractor (with a similar cost), restricted the growth in the number of suppliers; but, the number of available suppliers provided sufficient agricultural biomass. Overall, suppliers use approximately 25 baling machines which, as stated above, were originally purchased by Comasa and then sold, leased or loaned to the biomass suppliers.
The maximum range of operations of the suppliers is about 70 km from the plant. Beyond that distance, costs rise. Ultimately, Comasa is collecting agricultural biomass from a broad area around Lautaro; Ercilla, Victoria, Vilcún and Nueva Imperial, while wood biomass comes from a closer distance. During a regular season, 220,000-240,000 bales are delivered to the plant; i.e., a maximum of about 120,000 ton (Figure 3 ). This agricultural biomass volume comes from a crop surface area of Finally, the number of suppliers increased from 12 to 18, which also increased the total volume of wood and agricultural biomass delivered to Comasa. The need for a specialized baling machine-with a cost of US$120,000-and of at least one tractor (with a similar cost), restricted the growth in the number of suppliers; but, the number of available suppliers provided sufficient agricultural biomass. Overall, suppliers use approximately 25 baling machines which, asl stated above, were originally purchased by Comasa and then sold, leased or loaned to the biomass suppliers.
The maximum range of operations of the suppliers is about 70 km from the plant. Beyond that distance, costs rise. Ultimately, Comasa is collecting agricultural biomass from a broad area around Lautaro; Ercilla, Victoria, Vilcún and Nueva Imperial, while wood biomass comes from a closer distance. During a regular season, 220,000-240,000 bales are delivered to the plant; i.e., a maximum of about 120,000 ton (Figure 3 ). This agricultural biomass volume comes from a crop surface area of 35,000-40,000 ha. Considering the total surface area planted with grains in the Region, three bioenergy generation plants running on agricultural biomass could well be installed in the area. Comasa pays approximately US$13 for every 500 kg bale, amounting to a maximum total spending in bales per season of US$3.12 million. This expenditure amounts to 40% of the plant's total operating costs. In a simple calculation, this would amount to US$7.8 million in expenditures to produce 22 MW; or what is the same, US$40.47 per MWh. These production costs are below the average marginal cost for year 2017, which amount to US$57.23 per MWh [64] . While profitable, these margins are not overly confortable.
New Bioenergy Projects in La Araucanía. Opposition from the Local Community
Some estimates suggest that La Araucanía has a biomass-based bioenergy generation potential of up to 103 MW, only considering available wood biomass. Taking into account that each Comasa plant generates slightly over 20 MW, there is room for the development of several more plants with similar power. In addition, if the agricultural biomass available in the Region is used, as we have discussed before, there is also an additional margin for three or four extra plants similar to Comasa's Plant No. 2. Those are precisely the efforts that have been undertaken in the past few years. While two new bioenergy plant projects have been approved, both have faced less favorable contexts.
One of the projects-called "Agricultural Biomass for Energy Generation, Region of La Araucanía"-was submitted by Rakun SPA to an environmental assessment in November, 2014 [65] . The project considered the installation of a bioenergy plant to generate 30 MW in the south section of the Freire commune, near the main highway, midway between the cities of Freire and Pitrufquén. This was the largest project in terms of investments in La Araucanía, with an US$85 million budget. It expected to use only agricultural biomass from grains (straw) found in the plant's vicinity (a range of 50 km), amounting to 120,000 ton per year (400,000 bales weighing 400 kilos each). The project highlighted the benefits for farmers involved in removing agricultural residues, favoring crop rotation.
According to the proposal, the plant was expected to be located in an unpopulated area thereby preventing any impact on people and the environment. It acknowledged, however, that there were two nearby Mapuche communities: one located 1,300 m to the east and the other 550 m north. Comasa pays approximately US$13 for every 500 kg bale, amounting to a maximum total spending in bales per season of US$3.12 million. This expenditure amounts to 40% of the plant's total operating costs. In a simple calculation, this would amount to US$7.8 million in expenditures to produce 22 MW; or what is the same, US$40.47 per MWh. These production costs are below the average marginal cost for year 2017, which amount to US$57.23 per MWh [64] . While profitable, these margins are not overly confortable.
Some estimates suggest that La Araucanía has a biomass-based bioenergy generation potential of up to 103 MW, only considering available wood biomass. Taking into account that each Comasa plant generates slightly over 20 MW, there is room for the development of several more plants with similar power. In addition, if the agricultural biomass available in the Region is used, asl we have discussed before, there is also an additional margin for three or four extra plants similar to Comasa's Plant No. 2. Those are precisely the efforts that have been undertaken in the past few years. While two new bioenergy plant projects have been approved, both have faced less favorable contexts.
According to the proposal, the plant was expected to be located in an unpopulated area thereby preventing any impact on people and the environment. It acknowledged, however, that there were two nearby Mapuche communities: one located 1300 m to the east and the other 550 m north. During the environmental assessment process, local Freire residents-particularly members of the two indigenous communities-requested further studies claiming that the plant would impact their quality of life. The project simply overlooked local populations and the farming activities carried out by them.
To address local opposition, Rakun organized a tour to Comasa for the community and officials with the Municipality of Freire so that they could understand the operation of that plant, which is similar to the one under study. Criticism, however, continued. In 2015, the National Human Rights Institute (INDH) qualified this project as a socio-environmental conflict that faced the company with local dwellers, indigenous communities and the Municipality of Freire [66] . In spite of all this, the political will of national and Region's officials was stronger than the weaknesses of the Rakun project, which was approved by the Region's Environmental Committee in January, 2016. The resolution explicitly stated that the project did not entail any risks for the health of the population or impacts on their activities. Nor would there be damage to the Toltén River due to liquid waste discharges.
Finally, Rakun itself abstained from implementing the project, which was notified to environmental authorities on 30 April 2018 [67] .
The second biomass project is operated by Energías Victoria SPA [68] and was submitted for environmental assessment in June 2016. The project involved installing a 20 MW bioenergy plant running on agricultural biomass, of which 17 MW would be fed into the CIS. Up to 30% wood biomass could also be used in the form of wood chips. The plant was expected to be located 3 km away from the city of Victoria, in the northern area of La Araucanía, very close to the highway. An indigenous community lives on a 200-ha plot in the plant's vicinity. According to community members, the company consulted with them during all the stages of the project's design, reason for which they were satisfied with the initiative [69] . Although the project was approved in March 2017, the owner company has been perfecting it before its implementation, including looking for suppliers and adapting the processes to maximize efficiency, given the drop in electricity prices.
Discussion
In the Comasa experience, the close relationship among grain farmers, forest entrepreneurs and enterprise, points to an interesting link among bioenergy generation, traditional grain farming and forestry in La Araucanía. Interestingly enough, Comasa puts emphasis on its bioenergy condition involving clean and renewable energy-all aspects aimed at being developed under today's economy-while its suppliers pertain to grain farming-an activity that has faced tremendous difficulties-and forestry, an industry strongly called into question due to social and environmental damage (water reduction and negative impacts on household subsistence farming). Likely concerns regarding the future feasibility of bioenergy generation with such weak foundations are certainly valid.
On the other hand, while the sale of biomass is not such a great business for farmers and forest entrepreneurs in economic terms, the removal of agricultural residues from the fields does mean savings for farmers as it prevents field burning or facilitates soil preparation, all of which improve future harvests. General benefits also result for crops by the side of the road, beside high voltage cables or near suburban areas, where field burning is forbidden. Furthermore, the sole claim by agricultural and forest entrepreneurs concerning their contribution and current involvement in the production of bioenergy is socially valuable and needs to be acknowledged. In this sense, the close and strong ties between agricultural and forest businessmen and Comasa entail highly convenient, long-term and profitable benefits. In this relationship, agricultural service providers play a major role as intermediaries between producers and Comasa.
While the company has relied on government support-particularly from the regional government-and on large-scale local farmers, the local community feels quite dubious about its alleged environmental contributions. Between 2012 and 2016, Miguel Jaramillo, the Mayor of Lautaro, had a distant relationship with the company as he saw no benefits for the commune, and even believed it had negative environmental impacts. Additionally, he disliked the expansion of Comasa activities in a second plant and questioned its actual contributions [70, 71] . A fire in 2014 that burnt down all of the straw bales stockpiled in the plant was a further event for the Mayor to oppose the company [72] .
To keep good relationships with the local community, Comasa has followed a constant open doors and transparency policy, mainly including guided tours to the plant for specific groups of students and farmers. Furthermore, it is aiming at minimizing the plant's pollution with a project to return the ashes generated to its farm suppliers on the field [73] .
In the case Rakun, beyond the planning required for its implementation, which delayed commissioning, the project's development faced strong opposition [74, 75] . Opposition from local communities, particularly the Mapuche, was outright, rejecting the installation of what they called "thermoelectric plants". The expression had an inevitable negative sense as it was instantly associated with pollution. It is definitively not the same as talking about "bioenergy". The opposition increased when the project was approved. The Mapuche media reported the fact sanctioning: "Plundering continues. The La Araucanía Region's Government approved a thermoelectric power plant in Freire" [76] .
The project was seen as negative because bioenergy production required huge amounts of water from a deep well-30 L/S-precisely next to both indigenous communities. In addition, it was stressed that the company's project overlooked the importance of being close to the Mapuche communities. On top of that, part of the capital behind the project was Canadian, which gave detractors a further argument. Additionally, the local media did not believe there could be a non-polluting thermoelectric power project, putting emphasis on particulate and gas emissions that would be released by the plant and harm nearby populations. The media talked about looting, recalling that this project was similar to many other initiatives approved by the State in La Araucanía since 2006 onwards, namely: 14 hydroelectric power plants; six wind farms; four thermoelectric and one geothermal power plant. All of this added a power of 1500 MW, much more than the Region's total demand. Allegedly, the projects were to serve large-scale mining and industries operating in other regions [77] .
In order to avoid the issues faced by Rakun and just like Comasa, Energías Victoria has taken measures to communicate the plant's benefits to the community, for instance the use of 120,000 ton of straw which would otherwise pollute the area if burnt. However, the delay in implementing the project raises questions that it can share the same fate as the former project. This is the concern aired by the Mayor of Victoria, Javier Jaramillo, when in early July 2018 he reported to the press that he was in contact with Energías Victoria, asl well as with another company interested in developing a wind farm, to express his support and request the materialization of both projects [78] .
Conclusions
Bioenergy generation from biomass has grown quickly in Chile's center and south regions since the nineties onwards, amounting to 19 plants at present. Most of these are cogeneration plants fed with wood biomass. The increase in energy prices since the mid-2000s enabled a different type of bioenergy generation, which entails purchasing the wood and agricultural biomass from third-party suppliers, i.e., nearby forest and agricultural companies.
These plants have a considerable potential as they use residues from the forest industry and grain crops. This potential led to the installation of two bioenergy generation plants in Lautaro, La Araucanía, by company Comasa. This successful project has resulted in a favorable relationship between the bioenergy plant and the forest and agricultural industries, with biomass supply organized efficiently within a maximum range of 70 km. This has led to complements between Comasa and forest and farm businesses, intermediated by the suppliers. While the Comasa plant has low-cost biomass, forest and farm businesses favor their productive processes, soil cleanness and crop rotation, and are seen as linked with clean production.
The pillars that uphold bioenergy production may, however, lack stability. Grain crops have contracted heavily in the past few decades and there are many other crop and plantation options. The expansion of the forest industry, on the other side, has ensuing impacts on water availability, biodiversity and the livelihoods of farmers and indigenous communities. A full-scale political, economic and socio-environmental crisis is unfolding in La Araucanía, expressed in high poverty rates and in the conflicts between the State and indigenous communities, asl the Mapuche hold the State accountable for their situation.
Following Comasa's example of a profitable bioenergy generation model from agricultural biomass, two other projects emerged in the Region: in Freire and Victoria, i.e., 51 km south and 36 km north of Lautaro. Both projects were approved by environmental officials but the first one was abandoned by its titleholder, Rakun, and the other is yet to be materialized. The Rakun project-to be located in Freire-was not implemented due to conflicts between the company and two nearby Mapuche communities, which received widespread support from the local population. Unlike Comasa, Rakun failed to establish good relationships with the local community depriving the project of a critical implementation factor. In addition, there is increased social awareness concerning the uncontrolled increment of energy projects in the Region, with questionable benefits for nearby populations. This has particularly resulted in across the board rejection of new "thermoelectric" power plants in La Araucanía. Unlike the case with Rakun, Victoria's project secured the support of indigenous communities early on. Apparently, however, it has been unable to adequately solve the logistics required for its implementation.
An important issue that is preventing the feasibility of new projects and even the continuation of existing bioenergy plants is the sharp decline in electric power prices in the past few years. Without considerable levels of profitability-something that seems unlikely-there is little encouragement for the development of new bioenergy generation projects fed on wood and agricultural biomass.
This article has ratified some of the topics already suggested in the literature concerning bioenergy and sustainability, particularly, the little sustainability of bioenergy projects. It is not true that bioenergy is always clean energy. This will depend on the specific conditions under which each project is developed. Technical and economic feasibility are not conditions enough to establish a plant, asl proven by the failure of Rakun. However, the experience by Comasa shows that sustainability can be reached based on a project that considers the different aspects involved. Specifically, part of Comasa's success has been the suppliers' program, which has solved some of the most fundamental aspects in a project's economic and social feasibility. Importantly enough, this could not have been done without the support of the state, through CORFO and SOFO.
Similarly, bioenergy generation in La Araucanía can lead us to acknowledge the importance of social acceptance for these types of projects; without social acceptance they cannot be sustained. There are important local differences in this aspect. In spite of the opposition expressed by the major, the community of Lautaro accepted the plant; while in the same Region, the community of Freire rejected even the idea of a plant in its area from the project's design. On the other hand, there is not much information regarding the stance of the community of Victoria, where there is a project under development, and apparently, they are accepting this future plant.
Finally, one of the contributions of this article has been to reveal the importance of the history of the areas proposed for plant installation in the sustainability of bioenergy projects. The generation of bioenergy takes place in a specific territory and historical moment and both are decisive factors in a project's origin and development. La Araucanía is a unique case: a Region plagued by historical conflicts among Mapuche communities, forest companies, farmers and the state. In addition, in the past few decades this conflict has escalated into an across-the-board productive, social and political crisis that leads to no optimistic view regarding the future of bioenergy in the Region. At least not of bioenergy projects imposed by companies-with state support-on local communities. Possibly, the road to follow would be to strengthen land-based planning of bioenergy generation with the agreement of all stakeholders involved, asl well as the development of smaller-scale bioenergy projects with local communities as both leading actors and main beneficiaries. 
